This study presents morphological characteristics, mechanical properties, microfibril angles (MFAs) and Klason lignin contents of fiber bundles from 18 palm species. Observed by light microscopy, all fiber bundles consisted equally of thick-walled sclerenchyma fibers (S F ) and vascular tissue (S V ), while the shape and localization of vascular tissues on the transverse sections varied among species. It was possible to group these fiber bundles into 3 types: type I -rounded in the central region; type II -angular in the marginal region; and type III -aliform in the central region. These 3 morphological types of fiber bundles were closely correlated with current phylogenetic classification of palm species. This research confirmed the correlation between diameter and mechanical properties of palm fiber bundles; tensile strength and Young's modulus showed a decreasing trend with increasing diameter. We clarified that this trend was due to a marked increase in the proportion of transverse sectional area comprised by vascular tissue with increasing diameter of fiber bundles. The MFAs of fiber bundles ranged from 10.3º to 47.1º, which were generally larger than those of non-woody plants, conifers, and broad-leaved trees. The Klason lignin contents of palm species were also high, ranging from 18.3% to 37.8%, with a mean value of 29.6%. These large MFAs and high lignin contents could lead to the long-term plastic deformation and relatively low
3
Southeast Asia (Swarnakamal 1965; Dhawan 1995; Anupam 2002 ).
The widespread use of palms by humans has received much attention. The palm family is known to have been important to past civilizations; palm remains are often excavated at archaeological sites (Morcote-Ríos & Bernal 2001; Li 2008) . Today, some palm species also provide important biomass resources, and large amounts of palm biomass are produced in various locations. Physical characterization of palm biomass may facilitate the use of currently unexploited raw materials for fuels and chemicals.
However, few publications have reported on the morphological and mechanical characteristics of palm fiber bundles. In order to fulfill requirements for modern commercial utilization of palms, fundamental studies, such as the characterization of the basic properties of palm fiber bundles, are required. This paper presents the morphological characteristics, mechanical properties, microfibril angles (MFAs), and Klason lignin contents of fiber bundles of 18 palm species, and discusses the correlation between diameter and mechanical properties common to palm species. These studies can facilitate further utilization of this widespread natural fiber resource.
Materials and methods

Materials
In general, after the soft ground tissues of leaf-sheath breakdown, it leaves a reticulate mass of fiber bundles covering around the whole palm trunk (Tomlinson 1961 (Tomlinson , 1990 . The remained fiber bundles are easily hand-collected from palm stem surface. Eighteen species belonging to 14 palm genera produced fiber bundles from leaf-sheath and were selected for the study: Arenga engleri, Arenga sp., Butia capitata, 5
Measurement of fiber dimensions and derived values
The dimensions of fibers include length, diameter, cell-wall thickness, and lumen diameter. Thirty fiber bundles from each palm species were macerated at 60°C for 24 h in a solution of acetic acid and hydrogen peroxide (1:1 ratio) (Franklin 1954) . After maceration, all specimens were washed with distilled water for neutralization, and were shaken gently in the distilled water until individual fibers were separated from the fiber bundles. The fibers were then stained with 1% safranin solution to observe the lignified tissue. The dimensions of 30 fibers were measured, and average values with standard deviations were calculated for each palm species. An ANOVA was performed to test for significant differences (P < 0.05) in fiber dimensions among palm species.
Three derived values were also calculated using fiber dimensions:
1. Slenderness ratio = Fiber length/Fiber diameter 2. Flexibility coefficient = (Fiber lumen diameter/Fiber diameter) × 100% 3. Runkel ratio = (Fiber cell-wall thickness/Fiber lumen diameter) × 2
The fiber dimensions and derived values were compared with published data to assess the suitability of the palms for pulping and other utilizations.
X-ray diffraction analysis
Typical fiber bundles were taken from the 18 palm species for X-ray diffraction analysis. The X-ray diffraction diagrams were obtained using a Bruker Hi-Star detector using CuKα radiation (= 1.5418 Å) produced by a rotating anode X-ray generator at tube voltage 45 kV and tube current 90 mA (MAC Science M18XHF). The distance between the specimen and the detector was 15 cm. The data were processed, merged, and scaled using the SAINT program (Bruker) (Watanabe et al. 2002) . All measurements were performed in triplicate. The files were converted into 16-bit image files by FIT2D (European Synchrotron Radiation Facility, France). Using image analysis software ImageJ (v.1.46r), the MFA was determined based on azimuthal intensity distribution of 200 reflections of cellulose I β (Hori & Wada 2005; Zhai et al. 2012) .
Measurement of Klason lignin contents
The Klason lignin (acid-insoluble lignin) contents of palm fiber bundles were determined using the TAPPI standard T-222 (1998) . The palm fiber bundles were extracted using sulfuric acid (72% w/w) as a reagent, and the residue was used to determine Klason lignin. The fiber bundles were not pretreated with ethanol-benzene, because of limited amounts of sample. All measurements were performed in triplicate. It has been suggested that the ash content of acid-insoluble residue should be measured to obtain accurate results for Klason lignin (Sluiter et al. 2011) . The residues were transferred to crucibles and placed in a muffle furnace at 575 ± 2°C for 5 h to obtain ash content.
Tensile strength test of fiber bundles
All fiber bundles were air-dried to a moisture content ranging from 8% to 10% by weight. After cutting the fiber bundles into 20-25 mm lengths, the bundles were fixed on paper frames with 10-mm gauge length (Zhai et al. 2012 ) by medium-viscosity epoxy adhesives (Aron Alpha EX2020, Toagosei America, Inc., Japan), according to the preparation procedure mentioned in the ASTM D 3379-75 standard (1978) .
The diameter of each fiber bundle was measured using a digital optical microscope (Micro Square, DS-3USV, RAS Machine Tool Technologies, Inc., USA) at 10 randomly selected points. The transverse sectional area of each fiber bundle was determined using the circle equation based on the mean value of measured diameter.
Prior to mechanical testing, specimens were conditioned at 60% relative humidity and 20 °C for 1 mo.
Following the ASTM D-882 standard, the mechanical properties of fiber bundles were determined using a universal testing machine (Instron 4411) with a crosshead speed of 1 mm/min. Before testing, the middle part of the supporting paper was cut. Thirty fiber bundles from each palm species were tested in order to perform statistical analyses. The data were assessed by ANOVA to test for significant differences (P < 0.05).
Results and Discussion
Morphological characteristics of palm fiber bundles
The shape and localization of the vascular tissue on transverse sections of fiber bundles varied among the different palm species. A fiber bundle consists equally of thick-walled sclerenchyma fibers and vascular tissue (xylem vessels and phloem tissues). Figure 1 shows transverse-sectional images of the fiber bundles for each of the 18 palm species, taken with the same magnification. On the basis of the morphological differences in the vascular tissue, the palm fiber bundles were classified into 3 types I, II, and III as illustrated on the right side of Figure 2 . Eight palm species had rounded vascular tissue located in the central region of the fiber bundles; these species were grouped into type I -vascular tissue rounded 8 in the central region. The5 species in the genera Arenga and Caryota had rounded/angular vascular tissue located in the marginal region of a fiber bundle; these species were grouped into type II -vascular tissue angular in marginal region. In the remaining 5 species, the vascular tissue was aliform in the central region; these species were grouped into type III -vascular tissue aliform in the central region (Fig. 2) . The 3 types of fiber bundles also showed close correlation with the phylogenetic classification of palm species (Fig. 2) .
The fiber bundles from the tribes Cocoseae, Borasseae, and Phoeniceae were classified as type I, and those from the tribe Caryoteae were classified as Type II. With the exception of R. excelsa, the fiber bundles from the tribes Trachycarpeae, Coryoheae, and Sabaleae were classified as type III. In general, the anatomical differences between different palm species within a genus are quantitative or so small as to be A remarkable feature of the 18 palm species examined here is that the ratio of vascular tissue area to entire transverse sectional area increased markedly with increasing diameter of fiber bundles. Figure 3 shows examples of this dynamic from 5 palm species. This morphological feature also has a strong correlation with the mechanical properties of fiber bundles, as will be described in section 3.3.
A specific feature observed in 3 species of Caryota and in P. dactylifera was that the safranin staining in sclerenchyma fibers was uneven, as indicated by the white and black dotted circles in Figure 1 . This feature could be caused by differences in cell-wall thickness. Examining the data listed in Table 1 , the standard deviation of cell-wall thickness in Caryota fibers was approximately ± 1 μm, suggesting that the difference in color staining of fiber bundles was affected by cell-wall thickness. The thin-walled fibers usually appeared at the central region of fiber bundles; the presence of thin-walled fibers may decrease the mechanical strength of the fiber bundles. Furthermore, the morphological characteristics of the sclerenchyma fibers from different palm fiber bundles were surveyed using a maceration method. The length, diameter, and cell-wall thickness of fibers from the 18 palm species are presented in Table 1 . Fiber lengths varied from 0.66 to 1.85 mm. Fibers in the genera Arenga and Caryota were longer than those of other palm species, with an average value of 1.57 mm. The average fiber length of P. roebelenii and T.
fortunei was < 0.7 mm, much shorter than that of the other palm species. Table 1 also shows the derived values (pulp-quality indices) of fibers from different palm species. On the basis of the flexibility coefficient, fibers of conifer and broad-leaved trees are classified into 4 groups: 1, highly elastic (>75); 2, elastic (50-75); 3, rigid (30-50); and 4, highly rigid (<30) (Bektas et al. 1999; Kiaei 2011) . The flexibility coefficients in Arenga spp. and B. capitata were <50; these fibers can be considered as rigid. The flexibility coefficients the fibers from the other 15 palm species ranged between 50 and 75; these fibers are considered elastic.
Microfibril angles and Klason lignin contents
The MFAs of fiber bundles among the 18 palm species, as analyzed by X-ray diffraction, varied from 10.3º to 47.1º (mean = 25.4º) ( Table 2 ). The MFAs of palm fibers were larger than those reported for other non-woody plant fibers including flax (11º), jute (8.1º), sisal (10-22º), pine apple (8-14º), and banana (11º) (Satyanarayana et al. 1982; Baley 2002) . The MFAs of palm species were also larger than those reported for wood fibers and tracheids (El-Osta et al. 1973; Yamamoto et al. 1993; Lichtenegger et al. 1999; Bonham & Barnett 2001) .
The Klason lignin contents of fiber bundles from the different palm species ranged from 18.38% to 37.8%, with a mean value of 29.6% (Table 2) . These values are much higher than those reported for other non-woody plants, including flax (2.0%), jute (15.9%), sisal (12%), and banana (12%) (Baley 2002; Razera & Forllini 2003; Cordeiro et al. 2004; Megiatto et al. 2007) . Lignin contents of the palm species were similar to those reported for conifers, including noble fir (Abies procera, 29.3%), western white pine (Pinus monoticola, 19.3%), and Douglas fir (Pseudotsuga menziesii, 27.2%). Palm fiber bundles had relatively high lignin content compared to those reported for broad-leaved trees, including yellow birch (Betula alleghaniensis, 22.7%), quaking aspen (Populus tremuloides, 19.3%), and basswood (Tilia Americana, 20.0%) (Panshin et al. 1964) .
Mechanical properties of palm fiber bundles
Typical stress-strain (S-S) curves of fiber bundles among the palm species are shown in Figure 4 . The S-S curves varied among the species and showed a yield, followed by long-term plastic deformation until breakage from 8% to 62% strain. These data indicate that palm fiber bundles are strong and tough, i.e., they could show passive elongation before breakage, and the long-term plastic deformation allows them to dissipate energy. Table 2 shows the mechanical properties of fiber bundles of the various palm species. The tensile strengths of palm fiber bundles were lower than those of other non-woody plants, including flax (1339 MPa), jute (466 MPa), seagrass (573 MPa), sisal (568-640 MPa), and cotton (287-597 MPa) (Satyanarayana et al. 1982; Baley 2002; Razera & Forllini 2003; Davies et al. 2007; Müsig 2010 ), but were higher than those of pine (40 MPa) and rubberwood (15 MPa) (Munawar et al. 2007 ). Young's moduli of all palm fiber bundles were lower than those of flax (58 GPa), jute (26.5 GPa), seagrass (19.8 GPa), and oak (11 GPa) (Satyanarayana et al. 1982; Baley 2002; Davies et al. 2007; Munawar et al. 2007 ). In addition, the breakage strain of palm fiber bundles showed much higher values than those of non-woody plants, including flax (3.3%), jute (8.1%), seagrass (3.4%), sisal (3-7%), and banana (1.0-3.5%) (Satyanarayana et al. 1982; Baley 2002) . The high lignin contents in combination with large MFAs account for the relatively low tensile strength, limited elastic deformation, and long-term plastic deformation of palm fiber bundles.
We found that the diameter of fiber bundles influenced the tensile strength and Young's modulus for all 18 palm species. The general relationships between diameter and mechanical properties of fiber bundles from 5 selected palm species are illustrated in Figure 5 . It is striking that as diameter increased, tensile strength and Young's modulus decreased. A similar phenomenon was found in fiber bundles from flax (Baley 2002) , ramie, abaca leaf, and pineapple leaf (Munawar et al. 2007 ). This phenomenon cannot be easily explained, because if the characteristics of fiber bundles are the same, the mechanical properties of fiber bundles of different diameters should also be the same. Our previous publication pointed out that the thick-walled sclerenchyma fibers predominantly contribute to the mechanical properties of fiber bundles in windmill palm, while vascular tissues tend to reduce mechanical strength (Zhai et al. 2012) . Considering the similar structural and mechanical properties of the individual fiber cells in a fiber bundle, the ratio of vascular tissue to the entire transverse sectional area (sclerenchyma + vascular tissue) would be a key factor affecting mechanical properties of the fiber bundles in palm species. In the present research, we found that this ratio increased markedly with increasing diameter of fiber bundles (Fig. 3) , indicating that the percentage of sclerenchyma fibers that affected mechanical properties decreased. These results demonstrated that the larger the diameter of fiber bundles, the lower the mechanical strength, in all of the palm species examined.
Conclusions
This study on the morphological characteristics and mechanical properties of fiber bundles from different palm species showed 3 distinct types of fiber bundles, based on the shape and localization of vascular tissues. These 3 types of fiber bundles showed a close correlation with the phylogenetic classification of palm species.
The correlation between diameter and mechanical properties of fiber bundles was clarified. By observing the area occupied by sclerenchyma fibers and vascular tissue, we found that the proportion of the transverse sectional area comprised by vascular tissue increased markedly with increasing diameter of palm fiber bundles. These findings explain why tensile strength and Young's modulus decreased with increasing diameter of fiber bundles.
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The large MFAs of palm fibers in combination with high lignin contents, result in limited elastic deformation, long-term plastic deformation, and relatively low tensile strength of palm fiber bundles. This illustration of the correlation between the morphological characteristics and mechanical properties of palm fibers provides information that will be useful for decision making regarding palm utilization. * Data of mechanical properties are represented as mean and ±SD of 30 replications for each species.
** Only one fiber bundle was tested for getting mean MFA. The measurements were performed in triplicate for other species.
*** The Klason lignin contents of these palm species include ash contents. These data were not used for discussion.
